ABSTRACT CHARGE association is the sporadic, non-random concurrence of Coloboma of the eye, Heart anomalies, choanal Atresia, Retardation of growth and development, Genitourinary anomalies, Ear anomalies and deafness (CHARGE association). Other abnormalities have also been reported in small numbers of patients with CHARGE association. The molecular basis of the CHARGE association is not clear.
INTRODUCTION
The CHARGE association (Coloboma of the eye, Heart anomalies, choanal Atresia, mental Retardation, poor growth, Genitourinary and Ear anomalies) includes a group of non-randomly associated anomalies in patients with normal chromosomes. The CHARGE association components and their frequency are listed in table 1. [1] [2] [3] Other CHARGE association findings include tracheoesophageal fistula, gastroesophageal reflux, dysphagia, facial palsy, micrognathia, cleft lip/palate, central nervous system malformations, ocular hypertelorism, microcephaly, omphalocele, rib anomalies and cranial nerve anomalies such as optic nerve malformations and ptosis. [4] [5] [6] The CHARGE association is defined as an "axial mesodermal dysplasia." This wide spectrum of disorders includes entities with similarities in their phenotypes, such as DiGeorge sequence, 22q11 deletion syndrome, Fanconi anemia, VATER association, Holt-Oram syndrome, thrombocytopenia-aplastic radius syndrome, trisomy 13, etc. 7 The overlap among the features of these disorders is large enough to present major diagnostic challenges, and often long-term follow-up is necessary to establish a diagnosis in patients with atypical presentation. 8, 9 
CASE 1 (IgG 2 SUBCLASS DEFICIENCY)
Patient 1 presented at 30 months of age. Her diagnosis of CHARGE association was made by a clinical geneticist based on retinal colobomas, choanal atresia, malformed ears with cochlear abnormalities, patent ductus arteriosus (PDA), severe gastroesophageal reflux, poor height gain in spite of normal length at birth and mild mental retardation. Karyotype and fluorescent in situ hybridization for 22q deletion were normal. Patient 1 presented with a history of recurrent respiratory infections. She had nine episodes of bronchiolitis and/or pneumonia in the past 12 months. She also had a large number of ear infections and required two sets of pressure equalization tubes. Rhinoscopy revealed narrowing of nasal passages. The patient also had a history of urticaria and eczema, and positive skin tests for dairy products and soy. Her past medical history included severe gastrointestinal reflux, Nissen fundoplication, and PDA ligation at birth.
On physical exam, the patient's vital signs were normal. Height at 32 months of age was 83 cm, which is below the 5th percentile (height age = 20 months). Height increased over the following 6 months parallel to the 5th percentile. Weight was 12 kg, which was between the 10th-25th percentile for age. Ear exam revealed absent anthelices and canals rotated downward. Pressure equalizing tubes were present on both sides. Oropharyngeal exam showed high palate. Tonsils were present. Neck exam was normal. Chest inspection was significant for PDA repair scar. Heart exam showed a regular rate and rhythm with no murmurs. The abdomen was soft. The liver and spleen were not enlarged. A scar from Nissen fundoplication was present. Extremities were normal with full range of motion. There were no rashes. Neurologic exam was significant for hypertonia. Skin testing was positive for casein and milk.
The immune function test results are shown in table 2. Hemogram was normal. IgG and IgG 1 , IgG 3 , and IgG 4 subclasses were within the normal range. IgG 2 level was below the normal range. Diphtheria and tetanus antibodies were within the protective range. Post-vaccination pneumococcal antibody titers 10 weeks following vaccination showed protective titers for 6 of 12 serotypes. The patient was diagnosed with IgG 2 subclass deficiency and was placed on prophylactic trimethoprim-sulfamethoxazole. Since then, she has not suffered any upper or lower respiratory tract infections.
CASE 2 (ANTIBODY DEFICIENCY AND IMPAIRED T-CELL PROLIFERATION)
Patient 2 was assessed at the age of 3. He had multiple congenital anomalies consistent with CHARGE association. These included truncus arteriosus, choanal atresia, feeding problems that had been managed with a gastrostomy, retinal 44 CM&R 2003 : 1 (January) Theodoropoulos colobomas, malformed ears and growth retardation of postnatal onset. He was hospitalized in infancy for pneumonia and was on ventilation for 10 days. Since then, he suffered frequent infections including otitis media, conjunctivitis and pneumonia. He always had copious nasal secretions and chronic nasal congestion. Patient 2 also had reactive airway disease, treated with albuterol and fluticasone. He had myringotomy with insertion of pressure-equalizing tubes twice.
On physical exam, blood pressure was 96/48, heart rate 100/min, respiratory rate 32/min. Length was 86 cm (height age = 22 months) and weight was 12.5 kg, both of which were below the 5th percentile for age. Over the following 12 months height remained below the 5th percentile, but kept increasing parallel to it. Weight increased to the 10th percentile for age. 
He required intubation on both occasions. Reactive airway disease/asthma, and laryngo/tracheo/bronchomalacia have been diagnosed. The patient history of chronic sinusitis, heart disease multiple episodes of conjunctivitis, and recurrent otitis media with eustachian tube dysfunction requiring pressure-equalizing tubes. A third hospitalization was required to treat dehydration following rotavirus infection.
On physical exam, height was 81.4 cm (5th percentile, height age = 17 months). Height has remained at the 5th percentile. Weight was 10.9 kg (10th percentile). There was facial asymmetry with left facial hypoplasia. Nasal mucosa was red and swollen with large amounts of clear discharge. Ears were malformed, small, and posteriorly rotated with pressure equalizing tubes in place. Heart exam revealed a grade II-III/VI harsh systolic ejection murmur maximal at the left upper sternal border, radiating to the axillae and back. Abdomen was soft with a midline scar from Nissen fundoplication and G-tube insertion. Genitourinary exam was normal.
Chromosomal analysis was normal. Fluorescent in situ hybridization for 22q microdeletions ruled out DiGeorge syndrome, velocardiofacial syndrome and other 22q11 deletions.
Immunoglobulins were normal. CD3 + cells were below normal. Mitogen stimulation tests were normal, but antigen stimulation studies showed a suboptimal response. He was diagnosed with T-cell deficiency. The patient received Synagis for respiratory syncytial virus prophylaxis and was started on trimethoprim-sulfamethoxazole. His treatment included nasal and inhaled steroids for rhinitis and asthma.
DISCUSSION
Severe combined immune deficiency in a patient with CHARGE association has been reported once. 10 The patient had hemorrhagic diarrhea at the age of 6 months. Colonoscopy and biopsy showed ulcerative malacoplakia. CD4 + lymphopenia, absence of thymus and extreme hypoplasia of the follicular cortex were demonstrated in lymph node biopsy. Over the following months B-cell counts progressively declined. In later stages, plasma cells could not be detected in colon mucosa or lymph nodes. The patient died of respiratory failure at 18 months of age following recurrent respiratory infections. 10 Humoral immune defects have been reported in patients with CHARGE association. 11 Chronic rotavirus gastroenteritis has been reported in a patient with features consistent with CHARGE association and DiGeorge sequence. The patient had right-sided choanal atresia, left facial paralysis, malformed left pinna, left-sided congenital glaucoma, micropenis and atrial septal defect. He also had hypoplastic parathyroids and thymus. Enzyme-linked immunosorbent assay failed to show any serum rotavirus-specific antibody response. Despite 46 CM&R 2003 : 1 (January) Theodoropoulos treatment with thymic hormone and weekly intravenous gammaglobulin infusions, the patient failed to thrive and died at age 5 months. 11 The defective immune response to rotavirus in this patient is in contrast to studies of mouse models, which indicates that host defense against murine rotavirus requires neither functional T-lymphocytes nor specific antibodies. 12 Among chromosomal abnormalities reported in patients with CHARGE association, there is an inverted duplication in the 14q22-24 region next to the 14q32, the band where heavy chain genes for immunoglobulin isotypes map. 13 This patient was a 4-year-old girl with recurrent ear and sinus infections who required myringotomy tubes at age 14 months and was treated with intravenous immunoglobulin infusions every 3 weeks for hypogammaglobulinemia with IgG 2 subclass deficiency. T-cell function was normal. 13 Large structural aberrations of chromosomes 2 and 22, where the light chain genes are located, have also been described in CHARGE association. 14 One of these patients with a translocation involving chromosome 22q had a mild T-cell dysfunction with decreased T-cell numbers to approximately "half of normal values." CD4/CD8 ratio was normal (1.7). By the age of 2 years 7 months the patient had suffered multiple respiratory infections. 14 A patient with CHARGE association has also been described with a translocation involving the 6p area where the human leukocyte antigen loci complement components and the tumor necrosis factor are mapped. 15 This patient had left choanal atresia, right facial nerve palsy, tracheoesophageal fistula (surgically repaired), large ventricular septal defect, overriding aorta and infundibular pulmonary stenosis, and hypotonia without any focal neurologic signs. Differential diagnosis included VATER association (Vertebrae, Anal, Trachea, Esophagus, Radius problems) as he also had hemivertebrae. He died in the first few weeks of life with septicemia, pneumonia and early meningitis. No immune function studies were reported. 15 A number of occasional chromosomal aberrations have been reported in patients with CHARGE association. Some of them involve loci relevant to immune maturation and function. Among these aberrations 22q11.2 microdeletions are the most intriguing, as they raise the question of DiGeorge syndrome or velocardiofacial syndrome. 16, 17 In a series of 18 patients with CHARGE association, one patient was diagnosed with deletion 22q11.2. 16 There is no information as to the immune function of these patients with CHARGE association and 22q11.2 deletions. Genes responsible for thymus development map in this region, as is evidenced by DiGeorge syndrome and other conditions associated with deletions in 22q11.
The etiology of CHARGE association is unclear. Most cases are sporadic. Familial cases have, however, been described. 18 The occurrence of Mendelian inheritance in CHARGE association may justify the use of the term "CHARGE syndrome" (as opposed to "CHARGE association"), at least for familial cases. 19 Kushnick et al described a patient with CHARGE association, agonadism, and absent ZFY (Y-linked zinc finger protein). 20 ZFY has been considered in the past as a candidate gene for the testis-determining factor. In marsupials, sequences homologous to the ZFY map to autosomes. 21 Although their function has not been fully delineated yet, the encoded protein of ZFY binds to nucleic acids in a sequencespecific manner to regulate transcription. The development of CHARGE association in Kushnick's patient may be the result of dysregulation in the transcription process rather than a Y chromosome defect. At the present time there is no evidence that ZFY proteins may be involved with immune function.
With the exception of growth deficiency, which is usually postnatal, the major CHARGE association anomalies (choanal atresia, eye colobomas, esophageal atresia and impaired heart septation) can all be dated to a common period of embryologic development that spans days 35 to 45 post-conception. The development of thymus and parathyroid glands from the third and fourth pharyngeal pouches and their caudal migration occur at the same time. Full separation of the parathyroid glands from thymus and assumption of their final position occurs between 44 and 52 days post-conception. Interestingly, the differential diagnosis between CHARGE association and DiGeorge syndrome is sometimes jeopardized by the presence of abnormalities, typical for DiGeorge syndrome in patients with CHARGE association and vice versa. Hypoparathyroidism with hypocalcemic seizures has been described in patients with fully developed CHARGE association, and choanal atresia has been described in a few patients with otherwise typical DiGeorge syndrome. In fact, the term "DiGeorge sequence" allows the recognition of a DiGeorge pattern of anomalies without necessarily excluding the diagnosis of CHARGE association. 1 The spectrum of anomalies traced to the 35 to 45 day post-conception period are shared by the DiGeorge syndrome and the CHARGE association. 1 This set of anomalies is expanded by the present report to include defects of the parathyroid, heart, esophagus, midfacial region and other abnormalities. Adaptive immunity defects may be related to defects in thymic development.
With the present report, the number of patients showing evidence of immune deficiency with CHARGE association rises to seven. 10, 11, 13, 14 Immune defects can only be hypothesized in another case on the basis of fulminant infection otherwise unexplained. 15 Interestingly, the nature of the recorded defects and their severity vary from mild IgG subclass deficiency manifesting with recurrent respiratory infections to the severe combined immune deficiency reported previously. 10 Tcell defects, with or without thymus hypoplasia, were present in two of the patients of the present study (Patients 2 and 3)
Immune def iciency in CHARGE association and in three previously reported patients. 10, 11, 14 IgG 2 subclass deficiency with or without hypogammaglobulinemia has been noted in the present study (Patient 1) and reported previously. 13 DiGeorge sequence was considered in the differential diagnosis of Patient 3 and was identified in only one of the previously reported patients with documented immune deficiency. 11 It is possible that the pathophysiology of immune deficiency in CHARGE association may be heterogeneous, just as CHARGE association itself is heterogeneous. Perhaps some cases reported presently or in the previous publications 10, 11, 13, 14 are isolated familial syndromes with CHARGE association features rather than true CHARGE associations. A single underlying cause of immune deficiency in CHARGE association cannot be dismissed. A defect in DNA-protein interaction can be hypothesized, which may affect genes responsible for the development of adaptive immunity. This follows from the phenotypic overlap of CHARGE association cases with DiGeorge syndrome/sequence cases. 1,11 CHARGE association cases with agonadism are associated with a presumed ZFY absence, 20 deleted 22q11.2, 16 and/or other relevant chromosomal aberrations. [13] [14] [15] The complex nature of DNA-protein interactions via zinc-finger proteins and the existence of widespread zinc-finger homologous DNA sequences throughout the genome could explain the variety and heterogeneity of the observed immune defects.
CONCLUSION
Patients with CHARGE association are predisposed to respiratory infections because of extensive sinus, nasal and ear malformations, and frequent presence of gastroesophageal reflux or neurological abnormalities. In addition to these factors, recurrent infections in patients with CHARGE association may be due to immune defects. Thymus-dependent immunity may be affected in CHARGE association. A high index of suspicion is required for patients with CHARGE association presenting with multiple sinopulmonary infections, persistent gastroenteritis, or evidence of invasive infectious disease, such as sepsis, meningitis or osteomyelitis.
Immune function evaluation with emphasis on T-cell numbers and proliferative responses, as well as antibody concentrations and specific antibody responses is indicated for those patients with CHARGE association whose infections cannot be accounted for by upper respiratory tract malformations.
All three patients reported are currently managed with prophylactic antibiotics. Frequent follow up with imaging studies and referrals to qualified specialists are needed. It is unclear whether the described abnormalities are of a transient nature, will always respond to prophylactic antibiotics, or will eventually progress to more severe defects.
